Low temperature (8-77 K) photochemical studies directed toward elucidation of mechanism by identification of primary products and the synthesis of highly reactive molecules are described. Abriefsummary ofthe experimental approach is presented. An example of the direction low temperature experiments can provide for the synthesis of structurally complex molecules at room temperature is given. The synthesis and photochemical interconversion of various molecules on the C 3 H 4 and C 4 H 4 energy surfaces, benzyne, and cx-lactones are described.
Three goals were set in the early stages of our low-temperature photochemical studies: (1) identification of primary photoproducts by elimination of subsequent thermal reactions, (2) synthesis of reactive molecules of theoretical interest under conditions which permit investigation of their spectroscopic and chemical properties and (3) development of new chemical methods of synthesis useful at room temperature based on the chemistry of reactive molecules. Brief illustrative examples of work in the first and third categories will be presented and emphasis will be placed on the synthesis of reactive molecules. Before we turn to chemistry, however, an introduction to our methods will be useful.
The central idea in this work is that thermal energy is a nuisance in the investigation of photochemistry and that kT should be kept as small as possible. Our early studies were carried out at 77 K using liquid nitrogen as the coolant 1 . The need for even smaller values of kT led to photochemical studies at temperatures below 10 K using either liquid helium or heat pumps to cool the system. The helimn temperature work is carried out on matrixisolated molecules. In a typical experiment, the gaseaus sample (1 mm) is mixed with the matrix gas (500-1000 mm) and deposited through a controlled leak on to a caesium iodide window cooled to 8 K. The high matrix gas-to-sample ratio ensures a high degree of isolation of sample molecules in the matrix. The matrix gases commonly used in our experiments are argon, krypton, xenon and nitrogen. New products formed are characterized by infra-red, ultra-violet and electron spin resonance spectroscopy. Infra-red spectroscopy is most useful because it is insensitive to small amounts of impurities. Ultra-violet spectroscopy is particularly sensitive to trace impurities with high extinction coefficients. When an experiment is complete, the volatile products are pumped through a series of traps at different 0. L. CHAPMAN temperatures (for fractionation) and then examined by mass spectrometry. In addition to these physical means of characterizing reactive molecules, a number of chemical methods have been developed. These methods include (1) investigation of the chemical transformation of reactive molecules, (2) trapping with reagents included in the matrix, (3) alternative synthesis of the reactive molecule and (4) photochemical degradation ofthe reactive molecule to known products. The formation or destruction of a species is carefully monitared by observation of characteristic absorption bands. Plots are very useful in identifying which products are primary products. lt is most important in trapping experiments to correlate the appearance of trapped product with the disappearance of precursor by monitaring spectra.
We turn now to an example of the use of low-temperature studies in defining primary photochemistry. The transformation of 5,5-dimethylbicyclo[ 4.1.0Jhex-3-en-2-one (1) to two isomeric phenols (2 and 3), an ester (4) and a methoxyketone (5) is a complex process which can be broken down to three sequential photochemical steps Irradiation of 6 gives the bicyclohexenone (7) in a highly regioselective process. The bicyclohexenone is the source of the observed photoproducts, although even at this stage the observed products (2-5) are formed in thermal transformations of the primary photoproducts. Irradiation of 7 at low temperatures reveals two primary photoproducts, a ketene (8) and a cyclopropanone (9). The ketene can be trapped with methanol to give the observed ester (4) or cyclized by warming in the absence of nucleophiles to the dienone (10).
The cyclopropanone (9) undergoes a symmetry allowed bond heterolysis to the zwitterion (11) which is the origin of 2, 3 and 5, and which can be trapped with furan as the adduct (12).
Low-temperature studies are particularly useful in the synthesis of reactive molecules for spectroscopic and chemical investigation. Photochemical elimination of small stable molecules provides one of the most useful approaches to synthesis under the rather unusual conditions required in our experiments. Consider the synthesis of IX-lactones by the elimination of a stable molecule (X-Y). Three precursors might be considered (13-15). Among the small stable molecules which can be split out, nitrogen, carbon dioxide and carbon monoxide are particularly appealing because of their The procedure is quite general and has been used to prepare the strained spirocyclopropyl a-lactone (17). The photochemistry of the a-lactones has been investigated.
In general, decarbonylation and polymerization are observed. Spirocyclopropyl a-lactone is an exception. In this case, carbon dioxide is split out and allene is formed, presumably via cyclopropylidene.
Benzyne provides a second example of the use of photoelimination in low-temperature synthesis. Irradiation of phthaloyl peroxide (18) mat rix-
isolated in argon at 8 K gives first benzpropiolactone (19) 5 • The lactone (19) photoequilibrates with the ketoketene (20) . The ketoketene (20) has been identified by trapping with methanol. Benzpropiolactone (19) The synthesis of o-quinonemethide by photochemical elimination of carbon monoxide from the Iactone poses an additional problem. The product, o-quinonemethide, absorbs much more light than the precursor, and the reaction stops after less than 1 per cent conversion. This is a frequent problern in our studies. lt can be solved by depositing a very thin matrix, irradiating, depositing, irradiating, etc. Ifthe matrix is kept sufficiently thin. conversion is nearly quantitative, and with patience a matrix of sufficient + other products + higher polymers thickness to give a good infra-red spectrum of o-quinonemethide can be obtained 1 The infra-red spectrum of 1,2-dideuteriocyclobutadiene is no more complex than that of 1,3-dideuteriocyclobutadiene, which cannot exist as two isomers even if it is reetangular 1 7 . If cyclobutadiene has D 4 h symmetry, one would expect that the ground state should be a triplet. We have looked without success for an e.s.r. spectrum. Thermal equilibrium with a nearly degenerate singlet state can cause In the course of our synthetic work on cyclobutadiene we have examined the minor products produced in the photolysis of the aldehyde-ketene. The products derived from the aldehyde-ketene. presumably via decarbonylation
to the carbene (34), are furan, cyclopropen-3-carbaldehyde and buta-2,3-dienal. Furan matrix-isolated in argon gives cyclopropene-3-carbaldehyde, which undergoes further photolysis. Cyclopropene, which is formed by decarbonylation of cyclopropen-3-carbaldehyde ring, opens to allene and methylacetylene. The allene :methylacetylene ratio, however. changes with
time. This changing ratio is due to allene photochemistry. When pure allene is matrix-isolated in argon, irradiation gives cyclopropene and methylacetylene. Cyclopropene is presumably formed via cyclopropylidene. This transformation is rnost intriguing, since photo-elirnination of carbon dioxide frorn spirocyclopropyl ct-lactone at 77 K gave only allene, i.e. at ternperatures as low as 77 K cyclopropylidene gives allene. It rnay be that at 8 K the thermal barrier to allene formation is sufficiently large with respect to kT that it is possible for photochemical conversion of the cyclopropylidene to cyclopropene to occur.
A second novel entry to the C 4 H 4 energy surface is available through In the course of our studies on cyclobutadiene we became interested in the interconversions on the C 3 H 4 surface. The results of our studies using allene, cyclopropene and diazopropene as entries to this surface are summarized in products cyclopropene, allene and methylacetylene. In addition to these major products, minor reactions Iead to the allenyl radical (40) , hydrogen
